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論 文 内 容 要 旨          
This thesis proposes a promising new method to valorization of acid mine drainage (AMD) sludge in the 
production of value-added M-type hexaferrite. Two types of AMD sludge sampled from different abandoned 
Japanese mines are systematically studied for this objective. 
Chapter 1 presents a statement of problem of AMD sludge deposition, research gaps of previous studies on 
the reuse of AMD sludge and waste-derived M-type hexaferrite, and purposes of this research. AMD is 
formed both in active and abandoned mines. The main source of it is oxidation of sulfide minerals when they 
are exposed to air and water during or after mining activities. The acid runoff further dissolves heavy metals, 
such as copper, lead, mercury, and zinc. Once AMD is formed, its generation can continue for hundreds of 
years, even when a mine is abandoned. In Japan, neutralization plants for the treatment of AMD are operated 
at approximately 80 of 5500 abandoned mine sites. Large amounts of metal-rich sludge are produced during 
the neutralization treatment process of AMD. To date, most AMD sludge in Japan has been deposited on land 
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 near mine sites. In addition to the problem of land occupation, the deposition of such sludge may result in 
severe pollution, such as risks of toxic metal migration from sludge to land, and the risk of sludge outflow 
caused by earthquakes. New technologies for AMD sludge recycling are therefore in high demand. In this 
study, AMD sludge were reused as both alternative iron and calcium sources to synthesize value-added 
M-type hexaferrite. Chemical reactions and mechanism of hexaferrite preparation from AMD sludge are 
proposed and compared with sludge free pathway. The magnetic properties and leaching behavior of AMD 
sludge-derived products are analyzed, and possible applications are proposed. 
Chapter 2 extensively reviews the waste types, processing methods, final products, and their applications in 
ferrite processing from metal-rich wastes, along with the stabilization potential of heavy metals in ferrite 
structures. The problems of waste usage in ferrite processing are also discussed. Generally, ferrites can exist 
as spinel, hexagonal, or garnet structures. The preferred type of crystal structure is determined by the size 
and charge of the metallic cations that balance the charge of the oxygen anions and the relative amounts of 
these ions. Hexagonal ferrite with the magnetoplumbite structure (M-type) has the general formula 
MeFe12O19, where Me can be Ba, Sr, Pb, or Ca. Since it was discovered in the 1950s, M-type barium 
hexaferrite BaFe12O19 and its substituted or doped materials have been widely used in magnets, microwave 
devices, magnetic recording media, microwave absorbers, gas sensors, adsorbent, and so forth. However, 
previous studies on waste-derived hexaferrite are relatively rare. Impurities in wastes affect the properties of 
waste derived ferrites. Purification processes increase costs and consequently weaken the practicality of 
 using wastes to prepare ferrites. Future work is needed to clarify the effects of impurities in potential wastes 
and minimize the adverse impact on ferrite products by optimizing the preparation process to use with as few 
purification steps as possible. 
Chapter 3 investigates the physical and chemical properties of AMD sludge sampled from two abandoned 
Japanese mine sites. Sludge A was generated from a CaCO3 and Ca(OH)2 two-step neutralization process. 
The excess sludge was dewatered by a plate filter press, followed by natural drying in an AMD treatment 
plant. Naturally dried Sludge A was sampled from the plant. Sludge B was generated by aerated bacteria 
oxidation followed by CaCO3 neutralization. Without dewatering and drying in the treatment plant, the 
excess sludge was naturally thickened in a sludge dam by gravity settling. Sludge B was sampled from the 
sludge dam. 
Sludge A had a light brown color and 41.5% moisture content, whereas Sludge B was orange and contained 
69.3% moisture. Both sludge were rich in iron. The sulfur content of Sludge B was more abundant than that 
of Sludge A. The contents of aluminum, silicon, calcium, and other impurities were obviously higher in 
Sludge A. The micrographs of both sludge showed sludge flocs agglomerated to a few microns in length. 
XRD patterns and TG-MS results suggested that Sludge A contained amorphous iron hydroxides and excess 
neutralizer in the form of Mg0.064Ca0.936CO3, whereas crystalline -FeOOH and ferric sulfate were identified 
in Sludge B. Heating both sludge to 900, 1000, 1100, and 1200°C, respectively, -Fe2O3 was identified as 
the main crystalline phase in all samples. The result indicated that AMD sludge can be used as source of 
 hexaferrite. Leaching behavior variation after calcination of both sludge using acetic acid solution and 
distilled water as extraction fluids suggested that the stability of AMD sludge can be increased to a certain 
degree by thermal treatment; however, amorphous aluminosilicates formed by Al and Si impurities at lower 
temperatures weakened its stability. The enhanced mobility and volatilization of As impurity by thermal 
treatment also limits the application of AMD sludge. Applications insensitive to aluminum and silicon 
impurities and products with higher stability for arsenic will be studied further to improve the feasibility of 
using sludges with high impurity contents, such as Sludge A. 
Chapter 4 studies AMD sludge reused as an alternative material for M-type hexaferrite production. Mixtures 
with different combinations of two types of AMD sludge (A and B), -Fe2O3, and BaCO3 were used as 
precursors, which were calcined at 900–1300 °C with a holding time of 4 h. The sludge-free mixture A0F 
composed of -Fe2O3 and BaCO3 is used as a reference. The effect of sludge addition on phase formation 
and microstructure evolution during calcination is discussed in detail. For M-type hexaferrite production, it is 
clear that the iron source -Fe2O3 can be completely replaced by AMD sludge. The presence of aluminum 
and silicon impurities in AMD sludge leads to formation of barium or calcium aluminosilicates in the 
calcined samples. Another impurity sulfur in the sludge may increase the temperature when M-type 
hexaferrite starts to form owing to barium or calcium sulfate formation in the precursor. Furthermore, the 
sludge-free A0F series exhibit plate-like shaped grains of M-type hexaferrite with random orientations. The 
grains grow larger and thicker with increasing calcination temperature. In the case of AMD sludge-derived 
 series, the sintering phenomenon is observed above 1200 °C, and the particles grow as spiral hillocks with 
small steps. The impurities in the sludge are believed to lower the melting point, which results in a different 
crystal growth model from the sludge-free samples. A combined XRD and TG–MS study also shows that the 
chemical composition and mineral composition of AMD sludge have a considerable effect on the reaction 
pathways and final calcination products. 
Chapter 5 discusses the effect of composition and microstructure on the magnetic properties including 
saturation magnetization (Ms), residue magnetization (Mr) and coercivity (Hc). The magnetic properties of 
representative mixtures calcined at 900-1300 °C were evaluated by using a physical property measurement 
system. The results show that Ms is in good agreement with M-type hexaferrite phase content. Furthermore, 
the drop in Hc accompanies with the rise of grain size. Higher temperature and longer holding time 
contribute to larger grain size. Impurities content also affect grain size. For sludge-derived products, the 
particles melted and grew to spiral hillocks after being calcined at 1200 °C and above, which results in a 
lower Hc. 
Chapter 6 analyzes the leaching behavior of representative samples calcined at 1300 °C for 4 h by a toxicity 
characteristic leaching procedure (TCLP). The leachates and leached residues are characterized and 
compared with sludge free hexaferrite. The results indicated that M-type hexaferrite phase had the highest 
stability, followed by the crystalline aluminosilicates. The amorphous phases were easiest to be leached. 
Furthermore, M-type hexaferrite phase showed high effectiveness to lower the concentration of arsenic in 
 leachate as we expected. There were no significant changes observed in the XRD patterns after acid leaching. 
It confirmed that the acid leachable fraction mainly partitions in the amorphous phase. However, the 
variations on micrographs are obvious. After acid leaching, the amorphous phases in the surface and grain 
boundaries dissolved. 
Chapter 7 summarizes this study and makes suggestions for future work. The results showed M-type 
hexaferrite can be obtained from AMD sludge with small amount of BaCO3. The content of M-type 
hexaferrite phase was confirmed to be responsible for the saturation magnetization of as-prepared products. 
Furthermore, M-type hexaferrite phase showed high stability and high efficiency for lowing the 
concentration of arsenic in leachate by adsorption effect as we expected.  
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論文審査結果の要旨 
 
本論文は、休廃止鉱山における酸性の坑廃水処理に伴って発生する中和殿物の再利用を目的とし、焼成を行うこ
とによってM型六方晶フェライトの合成を行う技術開発に関するものである。 
第一章では、研究の背景を示すとともに、酸性坑廃水中和殿物の有効利用技術および廃棄物からのフェライト合
成に関する既存の研究の状況を概説し、それぞれの特徴ならびに問題点を示すことで本研究の必要性と目的を明確
化している。 
第二章では、フェライト材料の種類や用途および廃棄物を原料として合成されたフェライトに関する既存の研究
について更に詳細なまとめを行い、酸性坑廃水中和殿物の焼成によるM 型六方晶フェライト合成技術の利点や必要
となる検討事項について更に明確化を行っている。 
第三章では、基礎的な検討として、採取した実際の酸性坑廃水中和殿物の高温（900~1,200oC）での焼成による結
晶相の変化を X 線回折によって同定している。分析により、酸性坑廃水中和殿物の焼成処理により、セラミック材
料として再利用できる可能性について指摘している。また、焼成物の浸出試験を行い、AlやSi等の不純物が安定性
に及ぼす影響やAsの挙動を把握している。 
第四章では、2 種の酸性坑廃水中和殿物に炭酸バリウムを添加し、焼成を行うことで M 型六方晶フェライトの合
成を行っている。その結果、実際の酸性坑廃水中和殿物からのM 型六方晶フェライトの合成が可能であることを示
している。中和殿物の混合比やバリウム含有率、また、Si, Al, S等の不純物元素が反応経路および最終焼成生成物に
大きな影響を及ぼすことを明確化するとともに、想定される反応経路のまとめを行っている。 
第五章では、得られた最終焼成生成物の磁気的特性の測定を行っている。飽和磁化および残留磁化については、
バリウム添加率と非常に良い相関があることが示されている。一方、保磁力については、六方晶フェライト粒子の
粒径と大きな関係があると考えられることが示されている。 
第六章では、得られた最終焼成生成物の溶出試験の結果がまとめられている。中和殿物の焼成時には、原料に含
有されるSiやAlが、それらの元素を含有する浸出されやすい非晶質相の生成を促進し、高い浸出率に繋がることが
示されている。また、生成したM型六方晶フェライトはAsの吸着に寄与し、Asの溶出率を減少させる効果が期待
できることが示されている。 
第七章では、本研究結果の総括、ならびに研究結果から示唆された今後検討されるべき課題を示している。 
 
以上のように本研究は、今後、更に重要となる休廃止鉱山における酸性坑廃水中和殿物の再利用を目的とし、焼
成によってM 型六方晶フェライトの合成を行い、再利用を行うための技術について実用化に向けた基礎的な検討を
詳細に行なっており、技術研究としての価値は十分に高いと評価できる。 
 よって、本論文は博士(環境科学)の学位論文として合格と認める。 
 
    
 
 
